ABSTRACT: Spermatozoa and spermiogenesis in the deep-water cephalopod Spirula spirula (L.) are examined using transmission electron microscopy. Mature spermatozoa (taken from spermatophores) are elongate cells 115-120 [tm long, composed of a conical acrosomal vesicle, cylindrical nucleus (6.8-7 Brn long), flagellum and a loose mitochondrial sleeve -the latter concealing the proximal 6-8 [Lm of the flagellum. The acrosomal vesicle is 2.8 [~m long with fibro-granular contents and an electron-lucent apical zone. Subacrosomal material, organized as closely packed granules, fills a basal invagination of the acrosomal vesicle. In early spermatids the flagellum is derived from a triplet substructure centriole positioned close to the developing nuclear invagination. As flagellum formation proceeds, the acrosomal vesicle (produced evidently through Golgi secretion) attaches to the condensing nucleus. Spermatids are connected by cytoplasmic bridges throughout their development, and exhibit a perinuctear sheath of microtubules from the onset of the fibrous stage of nuclear condensation (mid-, late spermatids). In mid-spermatids, tnitochondria collect posterior to the nucleus and subsequently are packed into a cylindrical extension of the plasma membrane to form the periflageUar mitochondrial sleeve. These features of spermiogenesis and mature spermatozoa of Spirula clearly associate the Spirulidae with the Sepiida, Teuthida and Sepiolidaparticularly with the latter order. However, pending results of a thorough review of coleoid sperm morphology, the Spirulidae are here included in their own order -Spirulida (of Reitner & Engeser, 1982) -rather than in either the Sepiida or Sepiolida.
Sepiohdae should be removed from the Sepiida and placed into separate orders (e.g. see Donovan, 1977; Fioroni, 1981; Reitner & Engeser, 1982; Clarke, 1988) . In a previous account (Healy, 1989) , the author demonstrated that the ultrastructure of cephalopod sperm and spermatids has considerable potential as a taxonomic and phylogenetic indicator as in other molluscan classes. Although S. spirula is a common species and its shell is frequently washed ashore in large numbers, live or well-fixed specimens are rarely available for histological or TEM examination. The present study describes for the first time events of spermiogenesis and morphology of mature spermatophoral sperm of S. spirula using formalin fixed tissues. The data are firstly compared with those available for other cephalopod taxa and secondly discussed in relation to the systematic affinities of the Spirulidae.
MATERIALS AND METHODS
Spermatophores and testis tissue of Spirula spirula (Linn6) were obtained from a seawater-formalin fixed specimen held in the wet collection of the Australian Museum Sydney (Registration number C.158 383). This specimen (Fig. 1A ) was mid-water trawled east of Sydney at a depth of 636-647 m during March 1984 by the New South Wales State Fisheries research vessel "Kapala".
For transmission electron microscopy, testes tissue and the sperm-containing region of spermatophores were diced into 1-2 mm 3 pieces, rinsed for 30 min in seawater, then placed into a 1% osmium tetroxide solution (prepared in seawater) for 80 rain. Following osmication, tissues were rinsed in seawater (30 rnin), dehydrated in a graded ethanol series and, finally, embedded in Spurr's epoxy resin. Semithin and ultrathin sections were cut using an LKB Ultrotome. Ultrathin sections were collected on uncoated copper grids, stained with 10 % uranyl acetate (20 rain) and ,Reynold's lead citrate (10 rnin) and examined with either Philips 300 or Hitachi 300 transmission electron microscopes.
RESULTS

Spermatocytes
Spermatocytes of Spirula are 8 ~m in diameter and contain a large ovoid nucleus (maximum diameter 5-6 ~m) showing prominent synaptinemal complexes (Fig. 1B) . In comparison with the volume occupied by the nucleus, relatively httle cytoplasm is present. Small round mitochondria are scattered throughout the cytoplasm together with at least one centriole. Figures 1C, D show an early sperrnatid with a single triplet substructure centriole positioned at the entrance of the developing nuclear invagination. The triplets are embedded in a dense matrix and are also associated with nine satellite bodies apparently connected to the pericentriolar matrix (Fig. 1D) . Early spermatids are interconnected by cytoplasmic bridges, each defined by a dense thickening of the plasma membrane (Fig. 1E) . Although the initial stage of acrosome development was not traced, observations on later spermatids (e.g. Figs 2B , D, E) suggest that the acrosomal vesicle is a product of GoIgi activity.
Figures 1E, 2C demonstrate that the acrosomal vesicle and the centriolar-flagellar apparatus attach to opposite extremities of the condensing (now pyriform) nucleus at the same time. Only a single centriole is present ( Fig. 2A ). An interesting feature of the newlyattached centriolar-flagellar apparatus is its deviation by approximately 90 ~ from the longitudinal axis of the spennatid (Figs 1E, 2A, C). The reflected portion of the plasma membrane associated with the emergent flagellum becomes noticeably thickened and more electron-dense than adjoining areas ( Figs 1E, 2C ).
Mid-sperma tids
In mid-spermatids the nucleus initially retains the mottled appearance observed in early spermatids (Fig. 2D) . Soon after the centriolar-flagellar apparatus reorientates parallel to the longitudinal axis of the spermatid (Fig. 2D ), the nuclear fabric is converted first into a fine fibrous reticulum (Fig. 2E ) and subsequently into longitudinally arranged fibres (Fig. 2F) . A sheath of perinuclear microtubules anchored to the reflected plasma membrane also becomes evident (Fig. 2E) . The Golgi complex continues its close association with the acrosomal vesicle -the latter now showing an electron-lucent apical zone and a flattened or shghfly concave base (Figs 2E, F) . Mitochondria migrate to the base of the nucleus (Fig. 2E) where collectively they will soon form the periflagellar mitochondrial sleeve of the mature spermatozoon. Acrosomal vesicle now shows electron-lucent apical zone (arrow). Golgi complex, cytoplasmic bridge and perinuclear microtubules also present (• 13 250). F: Acrosomal vesicle of mid-spermatid at fibrous stage of nuclear condensation. Note electron-lucent apex of vesicle (arrow) and plate substructure (x21 600). Abbreviations: av, acrosomal vesicle; br, cytoplasmic bridge; c, centriole; f, flagellum~ G, Golgi complex; m, mitochondria; rot, microtubules; n, nucleus; p, plates of acrosomal vesicle
Late spermatids
In late spermatids the fibres of the condensing nucleus thicken through lateral fusion (Figs 3A, B) while the perinuclear microtubules ( Fig. 3B ) extend posteriorly into the developing mitochondrial sleeve (Fig. 3D ). Mitochondria contained within the developing mitochondrial sleeve retain their individuality and unmodified cristae. During this final stage of spermiogenesis, cytoplasm migrates posteriorly and is ultimately sloughed. As the acrosomal vesicle elongates, its now well-developed basal invaginafion fills with a fibrous subacrosomal deposit (Fig. 3C ). The electron-lucent zone and internal plates of the acrosomal vesicle are retained ( Figs 3C, F) . Gradually, the nucleus loses its fibrous substructure, decreases in diameter (from 2.8 ~m to 1.9 ~m) and in almost mature sperm appears uniformly electron-dense, save for occasional spaces (Fig. 3F) . Figure 4 summarizes in semi-diagrammatic form the structure of sperrnatocytes and events of spermiogenesis in Spirula spirula.
Mature spermatozoa
Mature spermatozoa from spermatophores consist of an acrosomal complex, nucleus, flagellum and a periflagellar mitochondrial sleeve which encloses the proximal 6-8 gm of the flagellum (Pigs 5A, B).
The acrosomal vesicle is 2.8 ~m long with a l~m deep basal invagination filled by closely packed granules (Pigs 5C, D, E). Contents of the acrosomal vesicle form a fibrous reticulum with the exception of the apical region which is apparently empty (Pigs 5A-E). Angularly orientated plates hne the inner surface of the acrosomal vesicle (Pig. 5D).
The nucleus is cylindrical, 6.8-7 am long, and uniformly electron*dense (Figs 5A). A shallow (0.6 ~m deep) basal invagination forms the anchorage point for the centriolar/ flagellar complex (Pigs 5C, F). No evidence of nuclear cavities or fibrous substructure {both evident in spermatids -see Figs 3A-F) could be detected in mature sperm nuclei. Longitudinal sections (e.g. Figs 5A, F) show that the basal invagination of the nucleus is eccentrically positioned.
Posterior to the nucleus, a loose mitochondrial sleeve envelops the proximal 6-8 ~m of the sperm flagellum (Fig. 5B) . The sleeve consists of numerous, cristate mitochondria and dense (?glycogen) granules packed within a skirt-hke extension of the plasma membrane (forming a cyhndrical pocket) (Figs 5B, C, P-H). The flagellum is approximately 100 gm long and composed of a 9 + 2 axoneme surrounded by mne coarse fibres (30 • 80 nm in transverse section), the plasma membrane (with prominent glycocalyx) Figures 5B, H show that the sleeve, at its posterior extremity, does not fully enclose the flagellum. Posterior to the mitochondrial sleeve, coarse fibres of the flagellum gradually decrease in diameter and are eventually lost ( Figs 5I [1-5] ). Dense granules (?glycogen) occur between coarse fibres (see Fig. 5I [4] ). Distally, the flagellar axoneme degenerates into singlet microtubules (Fig. 5I [6] ).
DISCUSSION
Spermiogenesis
A number of spermiogenic features of Spirula s_pirula (for example, early stages of acrosome formation, nuclear condensation with perinuclear microtubules) have been observed in other cephalopod species (Galangau, 1969; Maxwell, 1974 Maxwell, , 1975 Healy, 1989 Healy, , 1990 : in particular, the pattern of development resembles that described by Maxwell (1975) for members of the Sepiida and Teuthida. Spirula, however, differs from the Sepiida and Teuthida in the formation of a periflagellar mitochondrial sleeve rather than a mitochondrial spur and in the production of a more slender acrosomal vesicle (showing a clearly differentiated apical zone -also observed in sperm acrosomes of Sepiohda -see Fig. 6 ). A periflagellar mitochondrial sleeve has also been demonstrated in the sepiohd Heteroteuthis sp. (see Fig. 6 ), but at present no information is available on its formation during spermiogenesis (in other investigated sepiolids -Sepietta oweniana and Rossia pacifica, a mitochondrial spur of the Sepiida/Teuthida type is present - Franz~n, 1955; Fields & Thompson, 1976) . Although the microtubular sheath in spermatids of Spirula encloses the developing nucleus @nd mitochondrial sleeve, in other cephalopods this sheath appears to be confined to the nuclear region (Maxwell, 1974 (Maxwell, , 1975 Healy, 1990) . Available tissues of Spirula were not fixed well enough to determine whether or not cross-linkages between microtubules (noted in Nautilus and some coleoids -Arnold & Williams- Arnold, 1978; Bergstrom & Arnold, 1974; Maxwell, 1974) were present.
Mature spermatozoa: comparison with other cephalopods Figure 6 summarizes, in semi-diagrammatic form, sperm morphology in Spirula and other studied coleoid taxa (based on data of Franz~n, 1955 Franz~n, , 1967 Galangau, 1969;  Galangau & Tuzet, 1968a, b; Longo & Anderson, 1970; Maxwell, 1974 Maxwell, , 1975 Fields & Thompson, 1976; Olson & Linck, 1980; Healy, 1989, 1990 and unpublished data) . It can be seen from this comparative figure that sperm of the Sepiidae, Loliginidae and Sepiolidae (exception Heteroteuthis) all share a curved nucleus, eccentrically positioned flagellum and mitochondrial spur and a plasma membrane skirt. Acrosomal vesicles of Sepiidae and Loliginidae are dome-shaped structures in contrast to those of the Sepiohdae and Spirula which are relatively narrow with a pronounced, electronlucent apical zone (an apical zone is present in acrosomes of Sepiida and Teuthida, but is poorly differentiated) (Fig. 6) . Acrosomal vesicles of all decapod coleoids (including Spirula) show variously developed rods or plates -usually angularly oriented in relation to the longitudinal axis (see also Fields & Thompson, 1976 and Olson & Linck, 1980) . Olson & Linck (1980) found that each internal "fibre" (= rod) of the acrosomal vesicle of Spermatozoa of Vampyroteuthis exhibit several characters commonly noted in spermatozoa of externally fertilizing (often primitive) molluscs such as the Archaeogastropoda, Bivalvia and Scaphopoda (relatively undifferentiated acrosomal vesicle; two triplet substructure centrioles; short nucleus; pericentriolar mitochondria) ( Fig. 6 ; Healy, 1989 Healy, , 1990 . In addition, one significant advanced character is also present in VampyPigs 5A-P. Mature spermatozoa of Spirula spirula (ex spermatophores). A: Longitudinal section through acrosomal complex, nucleus and proximal portion of mitochondrial sleeve (x 11 400). B: LS base of nucleus and entire mitochondrial sleeve (xll 400). C: LS acrosomal complex (arrow indicates electron-lucent apex of acrosomal vesicle) and mitochondrial sleeve (x13 300). D: LS acrosomal vesicle (oblique anteriorly). Contents of the vesicle form a fibrous reticulum. Subacrosomal material organized as densely packed granules (x27 000). E: TS base of acrosome (x26 000). F: LS nuclear invagination (with embedded centriole) and mitochondrial sleeve. Dense (?glycogen) granules are packed in between mitochondria (x26 500). G: TS mitochondrial sleeve showing mitochondria, dense granules, axoneme of flagellum, coarse fibres, glycocalyx (x52 000). H: TS terminal region of mitochondrial sleeve (x52 000). I: TS flagella. Note 9+2 axoneme with accompanying nine coarse fibres and dense (?glycogen) granules (series 1-6 showifig diminution and eventual loss of coarse fibres) (x68 000 Fig. 6 ; :see also Healy, 1989 Healy, , 1990 . Sperm morphology in the Octopoda (data only available for suborder Incirrata) is variable, though consistently different from the Sepiida/Sepiohda/Teuthida. Acrosomes are either straight with periodic banding and a helical keel (Octopus- Fig. 6 ; Galangau & Tuzet 1968a; Longo & Anderson, 1970; Healy, i989) or helically coiled without internal substructure (Eledone - Fig. 6 ; Maxwell, 1974) . Nuclei are filiform and sometimes helically coiled (Fig. 6; Franz~n, 1967; Galangau, 1969; Longo & Anderson, 1970; Maxwell, 1974; Healy, 1989) . Mitochondria enclose the axoneme/coarse fibre complex to form a true midpiece rather than a mitochondrial spur or a loose periflagellar sleeve ( Fig. 6 ; Galangau & Tuzet, 1968b; Longo & Anderson, 1970; Maxwell, 1974 ; Healy, 1989) . A membrane skirt ("annulus" of Longo & Anderson, 1970) occurs at the junction of midpiece and glycogen piece. It is probably homologous with the membrane skirt of most other coleoid sperm and the mitochondrial sleeve of Spirula and Heterote~this (interestingly, while a skirt is present in Nautilus [Arnold & Williams-Arnold, 1978] , it is absent in Vampyroteuthis [Fig. 6~ Healy, 1989 , 1990 ).
Systematic considerations
There are widely differing opinions concerning the interrelationships between living coleoids (Sepiida, Sepiolida, Teuthida, Octopoda, Vampyromorpha) and extinct coIeoids such as the Belemnitida, Phragmoteuthida, Belemnoteuthida and Loligosepiidae (Jeletzky, 1966; Donovan, 1977; Teichert, 1988; Reitner & Engeser, 1982; Bandel, 1985; Bandel & Leich, 1986; Clarke, 1988) . The discovery or re-study of coleoid fossils showing soft part impressions has helped to clarify some issues such as the status of teuthid-like forms Trachyteuthis and Plesioteuthis (transferred to Vampyromorpha by Bandel & Leich, 1986 ) but has complicated other problems such as the origin of Teuthida, Sepiida and Octopoda (see Donovan, 1977; Engeser, 1988) .
Even in the absence of sperm data for important living groups of coleoids (e.g. oegopsid Teuthida, cirrate and some incirrate Octopoda, some Sepiida and Sepiohda), Figure 6 clearly indicates a close relationship between the Sepiida, Teuthida and Sepiolida. Of these three orders, spermatozoa of Spirula appear closest to those of sepiolids (acrosomal morphology; periflagellar mitochondrial sleeve of Spirula also seen in sepiohd Heteroteuthis sp.). Major differences between spermatozoa of Vampyromorpha/Octopoda on the one hand and the Sepiida/Teuthida/Sepiolida on the other suggest that these two clades diverged at an early stage in the history of the Coleoida, before the distinctive decapodan sperm type (featuring a curved nucleus, eccentrically positioned flagellum and mitochondrial spur) had evolved. Such a conclusion is in total Maxwell (1975) ; Loligo Olson & Linck, 1980; Rossia (Fields & Thompson, 1976) ; Sepia, Heteroteuthis (Healy unpubhshed data); Spirula -(present study); Vampyroteuthis (Healy, 1989 (Healy, , 1990 ; Octopus (Galangau & Tuzet, 1968a, b; Galangau, 1969; Longo & Anderson, 1970; Healy, 1989 Healy, , 1990 ; Bledone (Maxwell, 1974) . Ultrastructure of Sepietta spermatozoa inferred from hght microscopic data of Franz4n (1955) . Scale bar = 2 ~m. Abbreviations: av, acrosomal vesicle; c, centriole(s); dp, dense plug; f, flagellum; m, mitochondrion; ms, mitochondrial spur; n, nucleus; s, membrane skirt; sh, midpiece sheath; sl, periflagellar mitochondrial sleeve Fields & Thompson (1976, p. 917 ) that it ~vas difficult to envisage derivation of octopodan sperm from those of decapods and that "the sperm of cephalopods ancestral to both groups may have been closer to the octopodan than to the decapodan pattern". Since the Sepiolidae have now been separated from the Sepiida as a new orderSepiohda (see Fioroni, 1981; Clarke, 1988; Clarke & Trueman, 1988) , the question then arises as to whether or not Spirula (and Spirulidae) should also be placed in a separate order (Spirulida of Reitner & Engeser, 1982) . Palaeontological evidence indicates that there are reasonable grounds for doing this (Donovan, 1977; Reitner & Engeser, 1982) and certainly sperm morphology suggests that the Spirulidae are closer to sepiolids than sepiids. For the present, the author accepts Reitner & Engeser's order Spirulida as a useful collective group for living Spirula (Spirulidae) and its presumed belemnomorph antecedents (e.g. Spirulirostridae, Groenlandibelidae). Further research on spermatozoa and spermiogenesis will undoubtedly assist in defining relationships within the Coleoidea, and, possibly, lead to a better understanding of the phylogenetic position of this subclass within the Cephalopoda.
